Abbreviations used: Alk-1 -activin receptor-like kinase 1; Alk-5 -activin receptor-like kinase 5; FGFR3 -fibroblast growth factor receptor 3; FA -focal adhesions; MSCsmesenchymal stem cells; OA -osteoarthritis; TGFβ -transforming growth factor β; Col2 -type II collagen; Col1 -type I collagen; Col10 -type X collagen Abstract: We aim to demonstrate the role of Alk receptors in the response of hydrogel expansion. Chondrocytes from rat knees were cultured onto plastic and hydrogel surfaces. Alk-1 and Alk-5 were overexpressed or silenced and the effects on cells during expansion were tested and confirmed using peptide inhibitors for TGFβ. Overexpression of Alk-5 and silencing of Alk-1 led to a loss of the chondrocyte phenotype, proving that they are key regulators of chondrocyte mechanosensing. An analysis of the gene expression profile during the expansion of these modified cartilage cells in plastic showed a better maintenance of the chondrocyte phenotype, at least during the first passages. These passages were also assayed in a mouse model of intramuscular chondrogenesis. Our findings indicate that these two receptors are important mediators in the response of chondrocytes to changes in the mechanical environment, making them suitable targets for modulating chondrogenesis. Inhibition of TGFβ could also be effective in improving chondrocyte activity in aged or expanded cells that overexpress Alk-1.
INTRODUCTION
The chondrogenic capacity of cartilage cells can be modulated in vitro. Several parameters may affect chondrocyte behavior and these parameters have become the subject of research aiming to restore extracellular matrix gene expression that has been lost during joint pathologies or during in vitro monolayer expansion. Cultures of chondrocytes on commonly used polymer surfaces undergo a progressive and, beyond a certain number of passages, irreversible loss of the cartilage phenotype [1] [2] [3] [4] [5] . This is characterized by a cessation in the expression of collagen type II, aggrecan and the transcription factor Sox9, among others. In our laboratory, we used collagen hydrogels that support the culture of chondrocytes on substrates with low mechanical properties (in the range of pascals) [6, 7] . We achieved an efficient expansion method that slowed down the dedifferentiation process that takes place when cells are cultured onto plastic [8] . The mechanisms responsible for this behavior of chondrocytes in the hydrogel culture are still unknown, but some clues have been found, such as the interesting pattern for transforming the growth factor β (TGFβ) receptors activin receptor-like kinase 1 and 5 (Alk-1 and Alk-5) [8] . We described an increase in the Alk-1 level in the plastic culture. This was found to slow down in hydrogels. The opposite pattern was found for Alk-5. The relevance of this behavior is that these TGFβ receptors have opposing effects in chondrocytes [9] [10] [11] [12] [13] [14] [15] [16] . When TGFβ signals through Alk-1, it activates Smad 1/5/8 and produces hypertrophic chondrocytes and terminal differentiation [14, 15] . When it binds to Alk-5 (also known as TGFβ receptor 1), it enhances the expression of cartilage-related genes through Smad 2/3 activation [9] [10] [11] [12] [13] . The balance between these two receptors determines the capacity of the cell to respond to TGFβ. We hypothesized that these receptors could be implicated in the mechanosensing capacity of chondrocytes. Therefore, we aimed to effectively demonstrate the role of these two receptors in the process of chondrocyte mechanosensing. We used the model of hydrogel culture with collagen type I hydrogels, which simplify synthesis and handling and have offered good results previously. We used a plasmid system to induce cells to overexpress or silence Alk-1 and Alk-5 in order to study their effect on the chondrogenetic capacity of cartilage cells.
MATERIALS AND METHODS
Preparation of hydrogels Hydrogels were prepared as described previously using 3 mg/ml of rat tail collagen type I (BD Biosciences). They yielded an elastic modulus of 22.42 Pa, which was determined via rheology [6] .
Isolation and culture of chondrocytes
The source of tissue was skelletally mature Wistar rats (average weight of 200-250 g), obtained using a protocol approved by our institutional committee (number 066-11, date 5/27/2011). We used cells pooled from 5 rats for the experiments and replicated each experiment three times with different cell extractions. The whole knee joint was exposed under sterile conditions and cartilage pieces were obtained from the femoral cartilage using surgical blades. The tissue was placed in culture dishes, minced, and treated overnight with 0.5 mg/ml dispase and 60 units/ml collagenase (Sigma), both of which had been dissolved in the expansion medium (see below). After digestion, the cells were pelleted, washed and finally resuspended in the expansion medium, which was DMEM-Glutamax supplemented with 10% fetal bovine serum and 1 mM L-cysteine and penicillin/streptomycin (both from Invitrogen). The cells were seeded on 175-cm 2 flasks for the control expansion and on collagen hydrogel-coated 175-cm 2 flasks, and grown under standard hypoxic conditions (37ºC, 5% CO 2 and 5% O 2 ) unless otherwise indicated. For normoxic conditions, we used 37ºC and 5% CO 2 . Both cultures (hydrogel and plastic) were two-dimensional. The plastic-expanded cells were detached using trypsin (Invitrogen) and the hydrogel-cultured cells were detached using 100 µg/ml collagenase (Sigma) for 45 min at 37ºC. To inhibit TGFβ, peptides P17 and P144 (Digna Biotech) were added separately at 0.2 mg/ml. A sample for every passage was collected to detect chondrocyte markers using RT-PCR (see below). To study the chondrogenic capacity, we performed micromass culture and injected chondrocytes into the adductor muscles of nude athymic mice. A total of 200,000 expanded chondrocytes (from plastic or hydrogel-coated surfaces) were pelleted (centrifuged at 400 x g for 5 min) and placed overnight in a 15-ml conical tube with an inclination of about 45º. Pellets were suspended in expansion medium for 7 additional days and collected to be analyzed using RT-PCR and histology. For the mouse model, 4 million chondrocytes were collected and implanted in a PBS suspension in the adductor muscle of nude mice weighing 30-40 g, as previously described [17] . This protocol was approved by our institutional committee (number 065-12, date 5/18/2012). The cells were maintained for 1 week and then the complete limb was extracted, fixed in formalin, decalcified using 10% formic acid for 2 weeks, and subjected to histological analysis using Sirius red staining.
RT-PCR assays
Cells used for the RT-PCR assay were collected from hydrogels, plastic surfaces and micromass structures as described above. RNA was extracted using 1 ml of Trizol (Invitrogen), following the manufacturer's guidelines. After determining the RNA concentration using spectrophotometry with nanodrop (Thermo Fisher Scientific), we performed retrotranscription with the cDNA SuperMix qScript system (Quanta Biosciences), using 1 µg of RNA for each reaction. A total of 0.5 µl of the product of the previous reaction was subjected to a gene expression assay via real-time PCR. To study relative expression, we followed the 2 -ΔΔCt method as described by Livak and Schmittgen [18] using Taqman assays (Applied Biosciences) for type II collagen (Col2), Sox9, fibroblast growth factor receptor 3 (FGFR3), Alk-5, Alk-1, aggrecan, type I collagen (Col1) and type X collagen (Col10). Cells on plastic were taken as the controls and the values obtained for hydrogel-cultured cells were subsequently referred to them.
Western blot analysis
For the detection of Alk-1, Alk-5 and SMADs, we performed western blot analyses of protein extracts from chondrocytes. Proteins were extracted using Phosphosafe extraction reagent (Novagen), and after quantification using the Bradford assay, loaded onto SDS-PAGE gels. Proteins were transferred to nitrocellulose membranes and blocked using 5% milk in TBST. We used specific antibodies diluted 1:1000 in blocking buffer. After washing the blot extensively, secondary antibodies were used diluted 1:2000 in blocking buffer and then washed again. Finally, the blots were visualized using Lumilight Plus western blotting substrate (Roche). In order to visualize SMADs, the chondrocytes first underwent a treatment with TGFβ (R&D systems) at 1 ng/ml for 1 h.
Histological analysis
The chondrogenic capacity of expanded cartilage cells was determined via histological processing of the micromass structures. Sections 4 µm in thickness were stained using Sirius Red. We also used specific antibodies to detect aggrecan (Abcam), Col2 (Biogenesis) and Col1 (BD Biogenesis) via immunofluorescence. For this purpose, the sections were initially treated with trypsin (0.1% in PBS containing 0.1% calcium chloride) for 1 h at 37ºC. They were then blocked with normal goat serum (Sigma) diluted 1:20 in PBS, treated with the primary antibody diluted 1:50 overnight at 4ºC and finally washed and incubated with the secondary antibody 1:200 for 45 min at room temperature (RT). Samples were stained using Sirius red and Safranin-O. Samples from non-injected mice were used as controls.
Overexpression/silencing
Overexpression of Alk-1 and Alk-5 was induced using cDNA obtained from Origene, which was then cloned in Escherichia coli. Then, 2 µg of Alk-1 or Alk-5 in solution was transfected into chondrocytes using 4 µl Lipofectamine (Invitrogen) per well in 6-well plates to give a final concentration of 8 ng/µl. The silencing was performed using the HuSH silencing system for Alk-1 and Alk-5 from Origene. They were cloned and transfected using the same protocols.
Methylation analysis
We used the DNA modification procedure for the methylation analysis of matrix-related gene promoters. Genomic DNA from chondrocytes cultured on plastic or hydrogels was modified using the CpGenome DNA Modification Kit (Millipore). A total of 1 µg of DNA was subjected to the DNA modification procedure and then to conventional PCR using primers to detect differences in modified and unmodified DNA. The primers used are listed in Table 1 . The outcome of the PCR was loaded on 1% agarose gels and resolved in TAE buffer. The gels were photographed using the Gel-Doc system (Bio-Rad). 
Statistical analysis
The results from gene expression experiments were compared using the nonparametric Kruskal-Wallis test, using the software SPSS 15.0 for Windows.
We considered values of p < 0.05 to be significant.
RESULTS

Overexpression and silencing of Alk-5 and Alk-1
The roles of Alk-5 and Alk-1 in chondrocytes were tested through overexpression or silencing of these two receptors. For this purpose, chondrocytes were liposome transfected using Alk-5 and Alk-1 cDNA and silencing RNAs developed by Origene. Transfection was developed using different concentrations of Lipofectamine with cDNA corresponding to green fluorescent protein (GFP), achieving transfection efficiencies close to 100% (Fig. 1A) . The overexpression or silencing method was confirmed via RT-PCR (Fig. 1B) , which shows an increased expression of the two receptors when the cDNA was transfected and a downregulation when the silencing RNA was used. Finally, the effect that the overexpression or silencing has on the chondrocyte phenotype was determined through RT-PCR analysis of cartilage-specific markers (Fig. 1C) . When the Alk-5 was overexpressed or Alk-1 was silenced, aggrecan and Col2 expressions increased compared to normal chondrocytes. Alternatively, when Alk-5 was silenced or Alk-1 was overexpressed, aggrecan and Col2 were both downregulated. Col1 displayed the opposite regulation. When we combined the overexpression with the silencing of the antagonistic receptor, we did not detect a potentiation of the effect that each Alk had on its own. In order to confirm these results, we placed chondrocytes in pellet cultures and showed using immunofluorescence how the expression of cartilage markers was enhanced when Alk-5 was overexpressed or Alk-1 silenced (Fig. 1D) . We selected the overexpression of Alk-5 and the silencing of Alk-1 as the conditions for the expansion of chondrocytes in subsequent experiments. (Fig. 3A) , the expression of the cartilage markers aggrecan and Col2 was significantly upregulated when Alk-5 and shAlk-1 cells were assayed and referred to unmodified cells, showing a much-delayed decay for these markers. In addition, when the expansion was performed onto hydrogels, the expressions of these two markers were much increased during the first passages, showing an interesting synergy for the genetic modification and the hydrogel culture effect, which involved an improved expression of cartilage markers and confirmed previous results. In the assay of Col1, a significant decrease was observed when Alk-5 and shAlk-1 cells were used. The chondrogenetic capacity was also studied in vivo by injecting the control, Alk-5 and shAlk-1 cells into the adductor muscle of nude mice. We could not detect any positive staining for Safranin-O (data not shown). Images in Fig. 3B for Sirius red staining showed more intensely stained samples for animals transfected with shAlk-1 cells. No significant differences were found for Alk-5 and control cells. 
Inhibition of TGFβ in hydrogel-cultured Alk-5 and sh-Alk-1 cells
In order to study the biological role of Alk-1 and Alk-5 receptors in chondrocytes, we used the TGFβ inhibitors P17 and P144. Here, we report the data for P17, since all of the results are similar to those obtained using P144 (data not shown). Plastic-expanded cells were cultured in the presence of P17. Cartilage markers were assayed using RT-PCR (Fig. 4) . In the control, unmodified cells, the effect of the inhibition was hardly noticeable, but for Alk-5 -1 cells, C) . The average ± SD for every group (n = 6) is represented for passages 0, 2, 4, 6 and 8. D -We also used wildtype chondrocytes cultured onto hydrogels to which peptide was added after passage 4, when the cells had shown to increase the expression of Alk-1 receptor [8] and it would be desirable to inhibit TGFβ activity. *p < 0.05 for peptide-treated cells relative to the control cells in every passage. and shAlk-1 cells, a clear effect was observed in passage 2 cells: an increase in aggrecan and Col2 expression and a decrease in Col1 expression, which suggests increased signaling through Alk-5, an effect that would positively influence the chondrocyte phenotype. We also used hydrogel expansion for the inhibition of TGFβ, adding P17 after the 4 th passage, when we had observed an increased level of Alk-1 [8] . At this point, the effect of inhibition was clear and significant, showing an increase in the expression of aggrecan and Col2, and a decrease in Col1 after the addition of the peptide.
DNA methylation analysis
We used primers specific for selected CpG islands on the promoter of Alk-1 and Alk-5, which are capable of amplifying modified or unmodified DNA, respectively. Fig. 5 shows the presence of bands in the gel for those primers specific for unmodified DNA, indicating the presence of methylation in the CpG islands studied for the promoter of Alk-1 both in plastic and in hydrogel-cultured chondrocytes. This is an indication of the lack of regulation of the gene for Alk-1 in our model of chondrocyte culture by methylation, at least in the islands studied. For Alk-5, we could detect the appearance of a band for the primers specific for modified DNA in its promoter. This indicates that, at least in our model, the cells cultured in collagen hydrogels suffer a de-methylation of the promoter for Alk-5. Fig. 5 . Methylation analysis of CpG islands in the promoters of Alk-1 and Alk-5. Genomic DNA was transformed using the bisulfite modification and subjected to PCR using primers for the specific sequence of modified (M) or unmodified (U) DNA, respectively indicating unmethylated and methylated DNA in chondrocytes from passage 2 cultured both on plastic and on collagen hydrogels. The band pattern remains constant for Alk-1 (positive using primers specific for unmodified DNA) but changes for Alk-5 suggest a de-methylation process.
DISCUSSION
These results concur with those from our earlier research, in which we suggested that Alk-1 and Alk-5 are suitable candidates for the final effector of the response of chondrocytes to changes in substrate rigidity [8] . These two transmembrane proteins function as opposite receptors for TGFβ [19] . In chondrocytes, Alk-5 has been described as the natural receptor, leading to a potentiation of the chondrogenetic capacity through the activation of SMAD 2/3 [9] [10] [11] , while when Alk-1 is present, TGF signals activate SMAD 1/5/8, which leads to the hypertrophic and terminal differentiation of chondrocytes [12] [13] [14] . Our data (Fig. 3 ) strongly confirm these earlier findings, showing SMAD 2/3 activation by TGFβ only when cells were expanded onto hydrogels, which had been shown in a previous experiment to induce an improved expression for Alk-5 [8] . These two receptors have been described to have a role in the changes that age has on the reparative capabilities of cartilage. An alteration in the ratio of Alk-5 to Alk-1 to a higher expression of Alk-1 is observed in older chondrocytes [16, 20] , in osteoarthritis (OA) [16] and during expansion in plastic [8] . We demonstrate here that both are relevant effectors of chondrocyte mechanosensing and modulators of chondrocyte phenotype since, by modifying their expression (increasing or silencing), we are able to modulate their chondrogenetic capacity. Expansion of cells with an overexpression of Alk-5 or a downregulation of Alk-1 mimics the effect that expansion onto hydrogels had on dedifferentiation of chondrocytes [8] . Indeed, a combination of the two factors (overexpression and silencing and hydrogel culture) could offer a synergistic effect that could be of interest in efforts to find optimal culture systems for cartilage cells (Figs 2 and  3 ). The data in Fig. 2 point to a regulation of Alk-1 by Alk-5 and vice versa. This coordinated regulation has not yet been demonstrated, but the opposing effects for the two receptors described here and in previous studies [16, 20] strongly support this hypothesis. Interestingly, the methylation analysis performed showed how culture onto hydrogels produced a decrease in the methylation of the promoter of Alk-5. We suspect that this change is probably responsible for the increase in the expression of Alk-5 through the duration of the culture. We did not detect a similar behavior for Alk-1, which points to a relevant role of epigenetics in chondrocyte biology. In previous studies, epigenetic mechanisms have also been related to cartilage biology. The epigenetic state of the Sox9 promoter has been described to change during the process of OA [21] . In the same way, promoters for several metalloproteinases have been described as less methylated in OA-derived samples [22] [23] [24] . However, other studies have yielded results that could not demonstrate significant gene methylation in the aggrecan promoter of aged and OA chondrocytes [25] . To the best of our knowledge, there are no studies describing methylationsilencing mechanisms for Alk receptors in vitro, but epigenetic changes during ex vivo expansion (including methylation) have been described for mesenchymal stem cells (MSCs). Choi et al. showed how MSCs from late passages increased their methylation state in genes related to DNA replication, cell cycle and adipogenic differentiation [26, 27] . We can suggest that the changes occurring during expansion and prior to cell therapy applications may have special relevance for the final behavior of cells. Additionally, since one of the key factors implicated in these changes is the biomechanics of the culture system [6] [7] [8] , we would like to open a new line of research in the epigenetic mechanisms that could be implicated in the sensing of matrix stiffness. In any case, our data point to a key role for the two receptors Alk-1 and Alk-5 in the physiology of chondrocytes. They are possible targets to modulate cartilage cell behavior. In order to confirm this role for Alk-1 and Alk-5, we used peptide inhibitors against TGFβ P17 and P144 (data not shown for the latter) [28] [29] [30] [31] . Our results (Fig. 4) demonstrate an increased chondrocytic phenotype when TGFβ was inhibited in Alk-1 expressing cells and, on the contrary, a lower chondrogenic capacity when we inhibited TGFβ on cells expressing Alk-5. All of this is consistent with the role described for TGFβ receptors. Of particular interest are the results found for P17. When added to the culture medium at the moment of the switch from Alk-5 to Alk-1 (around the 4 th passage), P17 causes the cells to stop or at least slows down the dedifferentiation process. If the expansion of chondrocytes on hydrogels delays the dedifferentiation to the 4 th passage, treatment with P17 at that moment could maintain the differentiated state in passages 6 through 8. In any case, changes in stiffness as observed in our model are caused by a reduction in the collagen content of the hydrogel. This could also lead to a reduced availability of binding sites for integrins in the soft hydrogels that may cause the cells to decrease the FA sites and, subsequently, the signal transduction intensity. In fact, it has been extensively reported that decreased rigidities have precisely this effect on the turnover of FA, since the number of FA is dependent on the rigidity of the substrate [32, 33] . All of this evidence suggests that the mechanisms evaluated in this study are valid as a model for studying the effect of changing the substrate mechanics on chondrocytes. Thus, we offer relevant data that help to increase the understanding of mechanosensing mechanisms. We demonstrate that Alk-1 and Alk-5 may be important targets for modulating chondrocyte behavior in cartilage pathologies, which include the strategies that try to inhibit TGFβ when expression of Alk-1 cannot be silenced.
